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In this paper, the interaction of few tens of atoms containing gold nanoclusters with
two dimensional nanosheets of transition metal dichalcogenides nanosheets has been
explored. The gold nanoclusters have been synthesized using chemical reduction
method in presence of protein molecules as stabilizing agent. The transition metal
dichalcogenides nanosheets of molybdenum disulfide (MoS2) has been chemically
exfoliated. Different microscopic and optical spectroscopic tools have been used for
characterizing the physical properties of the gold nanoclusters and the two dimen-
sional nanosheets of MoS2. The gold nanoclusters exhibit fluorescence emission at
690 nm. However, the interaction with transition metal dichalcogenides diminishes
drastically the fluorescence intensity of the nanoclusters. The spectroscopic meth-
ods used for understanding the interaction in the system reveals the absence of
energy transfer and dynamic nature of the fluorescence quenching.
In recent years, the metal nanoclusters (NCs) consisting of few tens of metal atoms have
been studied extensively due to their intriguing physical properties and excellent chemical
stability1–5. The size of these nanoclusters lies in between individual atoms and nanoparti-
cles. These metal nanoclusters provide a bridge between atomic and nanoparticles behavior
of noble metals6,7. At this length scale, the size of nanoclusters is comparable to the Fermi
wavelength of the free electrons of the metal, which results in quantum confinement of the
free electrons in the nanoclusters. The quantum confinement leads to widening of the en-
ergy gap between the discrete electronic energy levels. The discrete energy levels enable
these nanoclusters to act as highly optically active materials in the visible range, which is
generally absent in the case of nanoparticles and the bulk metal. Similar to the fluorescent
dye molecules, gold nanoclusters also show strong fluorescence at low temperature as com-
pared to high temperature. The relationship among the energy of emitted photons (Eg)
from metal nanoclusters and number of atoms (N) and the Fermi energy (EF ) of metal can
be represented in the following form8
Eg =
EF
N1/3
. (1)
Gold nanoclusters are less toxic as compared to other metal nanoclusters. Hence, gold
nanoclusters can be a good choice as fluorescent materials in comparison with available
fluorescent dye molecules. The dye molecules that are used as fluorescent tags in spec-
troscopic analysis have toxic nature; so, they have limitations in direct use in biological
studies. In recent years, there has been great interest among the researchers to understand
the interaction of fluorescent materials with different kinds of nanomaterials, starting from
dye molecules with quantum dots to quantum dots with 2D nanomaterials9–14. These inter-
actions have been explored for different areas of application like sensing, solar cell, imaging,
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2etc. Since discovery of graphene, people started searching for other forms of 2D nanosheets
and in recent times different 2D nanomaterials, which have varying band gap from UV to
IR region, are being extensively studied. Among these 2D nanosheets, the nanosheets of
transition metal dichalcogenides (TMDCs), which have band gap in the visible wavelength
range found great interest15–19. These TMDCs possess indirect band gap when they are in
bulk form and show direct band gap while in single layer form20–22. Among these TMDCs
nanosheets, molybdenum disulfide MoS2 and tungsten disulfide WS2 have been studied ex-
tensively. The nanosheets of MoS2 have number of layers dependent bad gap and hence
the band gap can be tuned easily. This attracted tremendous attention due to its intrigu-
ing chemical, physical and mechanical properties. Good biocompatibility, flexible surface
and excellent fluorescence quenching capability have made MoS2 compatible for numerous
applications23–25. Understanding the interaction between MoS2 and gold nanoclusters is
the key factor for the development of biosensors, drug delivery and therapeutic systems. In
this paper, the interaction of gold nanoclusters with MoS2 nanosheets has been investigated.
This work is important for exploring the possibilities of energy transfer in nanomaterials
where biomolecules are present at the interface of different nanomaterials, which can be
further explored for sensing applications.
Synthesis of gold nanoclusters: For synthesis of gold nanoclusters, chloroauric acid
(HAuCl4.3H2O, Sigma Aldrich) was used as precursor of gold nanoclusters. Gold nanoclus-
ters were synthesized using chemical reduction method. In typical synthesis procedure, 50
mg bovine serum albumin (BSA) was dissolved in 1 mL of distilled water. In the BSA
solution, 1 mL of 10−2 M gold salt aqueous solution was added, and the mixture was stirred
for 5 min. Further, 0.1 mL aqueous solution of 1M sodium hydroxide was injected into the
solution, and the mixture was allowed to be stirred for 10 min. As-prepared solution was
incubated at 37 0C for 24 h. The yellow colored solution turned to a reddish-brown after
formation of gold nanoclusters. The aqueous dispersion of gold nanoclusters was kept at 4
0C for further study.
Chemical exfoliation of MoS2 nanosheets: The MoS2 nanosheets were obtained by chem-
ical exfoliation of the bulk MoS2 powder using ultrasonication technique. For this purpose,
a stock solution of BSA was prepared (1 mg/mL). The solution was used as solvent for
dispersion of bulk MoS2 powder. 50 mg of MoS2 powder was dispersed in 10 mL of the
aqueous solution of BSA. The dispersion of MoS2 was ultrasonicated for 20 h. After ultra-
sonication, the precipitate was allowed to settle down and the supernatant was collected,
and a stock solution of MoS2 was made.
Characterization techniques: The gold nanoclusters and MoS2 nanosheets were charac-
terized by different spectroscopic and microscopic techniques. The absorption spectra of
these nanomaterials were recorded using UV-visible spectrophotometer (IMPLEN, Inkarp).
The Raman spectrometer from WITEC was used to investigate the Raman active vibra-
tional modes of MoS2. For this purpose, Raman spectrometer, with 532 nm laser excitation
source was used. The shape and size of the nanosheets were analyzed by transmission
electron microscope (JEOL-2010) operated at 200 keV. The fluorescence spectra of gold
nanoclusters in absence and presence of MoS2 nanosheets were recorded using fluorimeter.
The fluorescence lifetime decay was monitored using time correlated single photon counting
set-up (FL920, Edinburgh Instruments, UK). The excitation source was 370 nm pulse laser
with operating frequency of 20 MHz.
The shape and morphology of MoS2 nanosheets were monitored by TEM analysis. The
TEM image of MoS2 nanosheets is shown in Figure 1, where sheet like structure of MoS2
is observed. A color contrast in the TEM image is observed in Figure 1(a), which arises
due to few layers of the nanosheets. Figure 1(b) is the selective electron diffraction (SAED)
pattern, where hexagonal spots are observed due to the hexagonal lattice structure of MoS2.
The Raman spectrum of MoS2 nanosheets is shown in Figure 2. In case of MoS2
nanosheets, there are two distinct Raman peaks, which are observed at 385 and 409 cm−1
and these peaks are assigned as E12g and A1g vibrational modes, respectively. The E
1
2g peak
originates due to in-plane vibration of the sulfur and molybdenum atoms in the lattice,
while the A1g peak is due to out-of-plane vibration of the sulfur atoms.
3FIG. 1. TEM images of (a) MoS2 nanosheets, and (b) the selective area electron diffraction pattern
of the nanosheets, Scale bar equals to 20 nm.
FIG. 2. Raman spectrum of MoS2 nanosheets.
4FIG. 3. Absorption spectra of gold nanoclusters, MoS2 nanosheets, and mixed dispersion of gold
nanoclusters and MoS2 nanosheets.
The optical absorption of gold nanoclusters and MoS2 nanosheets are recorded using
absorption spectrophotometer in the visible range. The absorption spectra of gold nan-
oclusters, MoS2 and mixture of both are shown in Figure 3. The gold nanoclusters have
continuously increasing absorbance towards the lower wavelength of the spectrum. The
absorption spectrum of MoS2 exhibits two distinct absorption peaks – one appearing at 613
nm and the other at 670 nm, which are known as B and A excitonic peaks, respectively.
In order to investigate the effect of the presence of MoS2 on the fluorescence property
of the gold nanoclusters, the fluorescence spectra of gold nanoclusters have been recorded,
both in absence and presence of different quantities of MoS2 nanosheets. The fluorescence
spectra of gold nanoclusters in the absence and presence of MoS2 are shown in Figure 4.
The fluorescence (Fl) emission of gold nanoclusters is observed at 690 nm. In presence
of MoS2 nanosheets the Fl intensity of gold nanoclusters diminishes drastically. The Fl
quenching may be due to either static or dynamic nature of quenching26,27. Using equation
2, the Fl quenching efficiency was estimated
E = 1− FDA
FD
, (2)
where FDA and FD are fluorescence intensities of gold nanoclusters in presence and ab-
sence of MoS2 nanosheets. The Fl quenching efficiency was found to be 41 and 89 % for
MoS2 nanosheets with 0.1 mL and 0.7 mL of the acceptor quantities, respectively. Further,
the nature of the fluorescence quenching was investigated using time resolved fluorescence
spectroscopic (TRFS) technique. The fluorescence lifetime of the gold nanoclusters was
estimated from the fluorescence lifetime decay curve of the gold nanoclusters. The fluores-
cence lifetime decay curves of gold nanoclusters in absence and presence of the nanosheets,
5FIG. 4. Fluorescence spectra of gold nanoclusters in absence as well as in the presence of different
quantity of MoS2 nanosheets.
are shown in Figure 5. The fluorescence lifetime decay curves were fitted with exponential
decaying function of the following form28
I(t) =
m∑
j=1
αj exp(−t/τj), (3)
where αj is the weighing factor, τj is the fluorescence lifetime associated with j
th component.
For gold nanoclusters, the Fl decay curves were fitted with triple exponential decaying
functions. The three components are associated with three different environments of the
emitters. In gold nanoclusters, it has been observed that there are few gold atoms in
Au(I) state, while the emission comes out due to Au(0) atoms, which are forming core of
the gold nanoclusters. The gold nanoclusters are formed with 25 gold atoms, which are
in conjugation with BSA molecules. Few gold atoms bind with sulfur atoms of the BSA
molecules and thus the inner gold atoms are in Au(0) state. Thus, one component is arising
due to core and the other due to outer interacting nanoclusters. The outer component is
responsible for high Fl lifetime value, while the inner one is responsible for small value of
the Fl lifetime. The average Fl lifetime of gold nanoclusters is found to be 1.1 µs. From
Figure 5, it is observed that the nature of the decaying curves remains the same in presence
of MoS2 nanosheets, even at very high concentrations of the MoS2 nanosheets. Thus, the
Fl lifetime remains unaltered in presence of MoS2 nanosheets.
The time resolved fluorescence study shows that there is no change in the fluorescence
lifetime of gold nanoclusters in presence of MoS2 nanosheets even at very high concentration
of the nanosheets. Previously, it had been reported that the energy transfer from adjacent
6FIG. 5. Fluorescence lifetime decay curves of gold nanoclusters in absence and presence of MoS2
nanosheets.
BSA molecules to the MoS2 nanosheets could possibly occur
29. In that case, the distance
between donor and acceptor must be within the range of resonance energy transfer phe-
nomenon. However in the present case, the gold nanoclusters are synthesized in conjugation
with the BSA molecules separately, and the BSA molecules are used for chemically exfolia-
tion of the MoS2 nanosheets. This causes the enlargement of the distance between the gold
nanoclusters and the MoS2 nanosheets, which limits the possibility of any kind of energy
transfer, even though there is a overlap of the emission spectrum of gold nanoclusters and
the absorption spectrum of the MoS2 nanosheets (see Figure 6). There is a complete overlap
of A excitonic peak of MoS2 with the Fl emission peak of the gold nanoclusters, and partial
overlap of the B excitonic peak. In the present case, the distance between the emitters and
the acceptors is beyond the limit of the fluorescence resonance energy transfer, which is
typically in the range of 1-10 nm. In case of gold nanoclusters and MoS2 nanosheets, the
intermediate layer of the BSA molecules helps to increase the distance between emitters
and acceptors beyond the permitted upper limit of the distance.
In summary, the interaction of gold nanoclusters with the molybdenum disulfide was
explored in this paper. It was observed that the BSA, protein molecules, stabilized gold
nanoclusters had strong fluorescence emission around 700 nm and its emission intensity
could be be altered by the presence of MoS2 nanosheets. The fluorescence quenching was
found to be static in the nature.
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7FIG. 6. Absorption spectrum of MoS2 nanosheets and emission spectrum of gold nanoclusters
showing the overlapping of absorption and emission spectra.
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